De novo creation of protein coding genes involves formation of short ORFs from noncoding regions; some of these ORFs might then become fixed in the population. De novo created proteins need to, at the bare minimum, not cause serious harm to the organism, meaning that they should for instance not cause aggregation. Therefore, although the creation of the short ORFs could be truly random, but the fixation should be of subject to some selective pressure. The selective forces acting on de novo created proteins have been elusive and contradictory results have been reported. In Drosophila they are more disordered, i.e. are enriched in polar residues, than ancient proteins, while the opposite trend is present in yeast. To the best of our knowledge no valid explanation for this difference has been proposed.
Introduction

1
Proteins without any detectable homologs outside one genome are often referred to as genes might provide unique insights into the fundamental processes in the formation 7 and selective pressure of all genes since clearly, in the strict sense, all protein 8 superfamilies were once created by a de novo mechanism.
9
Before the genomic era, the scientific consensus held that de novo creation of new 10 genes was rare -instead it was believed that the vast majority of all genes were 11 originally generated in an ancient "big bang". However, when the first complete 12 genomic sequences were initially published, this hypothesis was not supported [1] . In 13 fact, to this day, when analysing complete genomes from closely related genomes, a 14 surprisingly high number of orphan proteins persist [2] [3] [4] . It has later been shown that 15 some of the initially assigned orphan proteins are not de novo created but rather a 16 result of limited phylogenetic coverage of the genomes [5] . 17 Today, supported by the vast amount of complete genome sequences available and 18 improved search methods [6] , many of the orphan proteins detected, at least in yeast, 19 appear to be created through de novo formation [7, 8] . Some studies indicate that, in 20 yeast, there is a large set of proto-genes: ORFs that remain on the verge of becoming 21 fixed as bona fide protein-coding genes in the population [7] . This gives a possible 22 background in explaining how novel proteins can be generated from non-coding 23 genetic material. In other species the genomic coverage has been more limited and 24 therefore the studies have been less detailed. 25 It is clear that not all identified orphan proteins are de novo created. Several 26 reasons for this exists. Some orphans might be classified as such primarily because the 27 relationship with other proteins are missed. This problems is enhanced with a limited 28 amount of closely related genomes and for fast evolving proteins. In addition gene 29 duplication, lateral transfer, gene losses and domain rearrangements also make it 30 difficult to detect the true relationship between all proteins. To accurately detect de 31 novo created genes, the availability of several completely sequenced genomes not only 32 from closely related species, but also from a set of numerous and evenly spaced taxa is 33 essential. Even when this is present the best that can be obtained is a set of orphans 34 strongly enriched in de novo created proteins.
35
The availability of complete genomes separated at different evolutionary distances 36 also enables studies at different ages [3, 5, 7] . Here, a gene can be unique to a specific 37 species, or even to a strain; alternatively it can be present pervasively across a 38 taxonomic group. Even more ancient orphans may be defined as superfamilies that are 39 unique to a kingdom of life [9, 10] . Using methods such as ProteinHistorian it is 40 possible to assign an age to each protein [11] . 41 more often essential and (iii) obtain lower β-strand content and higher stability [14] .
48
Some aspects of these, such as the fact that orphans on average are short, are likely 49 related to a de novo creation mechanism. However, other features, including intrinsic 50 disorder [4, 15] , are not obviously related to the bona fide gene genesis and could 51 instead be the result of the selective pressure acting during fixation.
52
In yeast, we have earlier reported that the most recent orphans, i.e. the ones 53 unique to S. cerevisiae, are less disordered than the average yeast proteins [3] . Studies 54 enabled by the sequencing of Drosophila pseudoobscura provide the opposite picture, i.e. the youngest proteins are more disordered than ancient [4] .
56
To the best of our knowledge the origin of this difference has not been explained. 
66
To obtain a better understanding of the structural properties affecting the de novo 67 creation of proteins, we studied the age of proteins in 187 eukaryotic genomes.
68
Significantly more than used in earlier studies. Due to the frequency of lateral transfer 69 in prokaryotic mechanisms age estimates of prokaryotic genes is more troublesome 70 than for eukaryotic genes. Therefore, we focus on eukaryotic organisms in this study.
71
We find that the most striking difference between young and old proteins is their 72 difference in length. Surprisingly all other properties show a large overlap between 73 ancient and orphan proteins. However, we find that structural features in orphan 74 proteins differ significantly between low-GC and high-GC genes. Orphans in low GC 75 genes are more disordered and have less secondary structure than in high-GC genes.
76
In older proteins this relationship is much weaker, supporting a model where de novo 77 creation starts from random non-coding ORFs and then gradually adapts the features 78 of ancient proteins.
79
Materials and Methods
80
Datasets
81
To start, protein data for 400 eukaryotic species were obtained from OrthoDB, release 82 8 [16] . These species are divided into 173 Metazoans and 227 Fungi, for a total of 83 4,562,743 protein sequences. For each species, a complete proteome was also 84 downloaded from UniProt Knowledge Base [17] .
85
Age estimate
86
The ProteinHistorian software pipeline [11] is aimed at annotating proteins with 87 phylogenetic ages. This method requires a phylogenetic tree relating a set of species, 88 and a protein family file, containing the orthology relationships between the proteins 89 of the species in the tree. The pipeline will then assign each protein to an age group, 90 depending on the species tree and the ancestral family reconstruction algorithm used 91 to identify protein families. For our application, we used ProteinHistorian with default 92 parameters, the NCBI phylogenetic tree [18] , and protein orthology data obtained 93 from OrthoDB. The OrthoDB method is based on all-against-all protein sequence 94 comparisons using the Smith-Waterman algorithm and requiring a sequence alignment 95 overlap of at least 30 amino acids across all members of an orthologous group.
96
Therefore, the age group can be thought of as the level in the species tree on which a 97 shared sequence of at least 30 AAs first appeared, i.e. it assigns multi-domain proteins 98 to the age of its oldest domains.
99
One problem that exists using the NCBI phylogenetic tree is the presence of many 100 polytomic branches, especially at the genus level. The cases when more than one of 101 species were present in a multi-furcated branch are problematic, because filtered out proteins with hits in the Pfam-A database, by using hmmscan. We believe 117 that, due to the very stringent criteria used here, the majority of this remaining set is 118 constituted of de novo created proteins, and we refer to them as orphans throughout 119 the rest of this paper. These proteins are specific to the species taxonomic level, i.e.
120
we expect not to find them in other species in the dataset, even in the same genus. For 121 Saccharomyces cerevisiae, that has several strains in the dataset, we also included the 122 strain specific proteins in the orphan group.
123
Among the OrthoDB proteins, we defined genus Orphans those that were assigned Orphans; for this reason, we selected for our final dataset only those species that have 129 at least one other species within the same genus.
130
Proteins having the maximum age according to ProteinHistorian were defined as Generally, the GC% of a coding region is higher than that of a non-coding region of 172 DNA [22] ; therefore, we expect that, for any given species, the GC of coding segments 173 would be higher than the taxonomic GC. To examine this the genome wide GC 174 content of were downloaded, for each species, from NCBI Genome Reports
175
(ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME REPORTS/eukaryotes.txt ); Indeed for 176 94% of the species the CDS sequence is higher than the taxonomic GC. Therefore we 177 find it more relevant to define the genomic GC content as the average, for each species, 178 of the GC of its CDS. Anyhow, results computed for predicted structural properties 
Predicted properties of proteins
182
Intrinsic disorder content was predicted for all the proteins by using IUPred in its long 183 disorder mode [23] . A single amino acid residue was then labelled as disordered if its 184 intrinsic disorder was > 0.5. The disorder content of a protein is shown as the 185 percentage of its disordered amino acid residues.
186
We used SCAMPI [24] to predict the percentage of transmembrane residues of each 187 protein. Low-complexity regions were predicted using the software SEG [25] . For each 188
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PLOS-submission protein, we indicate as SEG the percentage of residues in low-complexity regions. We express the hydrophobicity of each protein as the average score of all its 199 residues using the Hessa hydrophobicity scale [28] .
200
For each protein, we computed the propensity of each amino acid to be in one of 201 the four possible secondary structures (helix, sheet, coil, turn) by using the energy 202 function-based propensity scales proposed earlier [29] . The average propensity for each 203 secondary structure was then calculated for each protein.
204
Random proteins at different GC contents
205
To test whether the studied intrinsic properties (disorder, transmembrane, TOP-IDP
206
and hydrophobicity), as well as the frequency of any given amino acid, were solely 207 dependent on GC content, we used a set of 21,000 random ORFs, generated as follows: 208 at each GC content ranging from 20 to 90%, in steps of 1%, a set of 400 ORFs
209
(equally divided into 300, 900, 1,500 and 2,100 bp long) was generated so that its 210 content of GC was fixed. The ORFs were generated by randomly selecting codons 211 among the 61 non-stop codons. The probability to select one codon given a GC 212 content of GC f req is set accordingly:
where N i is the nucleotide of the codon in position i and δ(N |GC is equal to 1 if 214 the nucleotide N is guanine or cytosine and zero otherwise, etc. Finally, start and stop 215 codons are added. These ORFs were then translated to polypeptides, and all their 216 intrinsic properties, as well as the frequencies of their amino acid were computed, as 217 described above.
218
Results
219
The assignment of age to all proteins is based on the ProteinHistorian pipeline [11] . domain-fusions [30] , additional secondary structure elements [31] and expansion within 237 intrinsically disordered regions [12] .
238
As coding regions on average have higher GC content than non-coding regions [22] , 239 it could therefore be expected that GC content would increase by length [32] and Next, we compared predicted structural properties of all proteins see Fig. 1d -i.
245
First it can be noted that none of these properties present a trend as strong as in what is expected for a set of shorter proteins, but certainly it could also indicate there 250 is a preference for a subset of orphans to be disordered.
251
The fraction of transmembrane residues is on average ∼30% in orphan proteins, 
259
Although some general trends differencing orphans and ancient proteins can be 260 observed, with the exception of length, the relationship actually differs largely between 261 different organisms. For instance when studying intrinsic disorder the orphans and 262 genus orphans of S. cerevisiae s288c are remarkably non-disordered (∼3% of the amino 263 acids) as shown before [19] see Fig. 2A . The closely related species Candida albicans 264 shows a similar trend; see Fig. 2B , while some other Saccharomycetaceae do not.
265
In contrast, but also consistent with earlier studies [15] , Drosophila orphans are 266 more disordered than their ancient proteins. orphans and genus orphans in most
267
Drosophila genome are more disordered than the ancient, see Fig. 2C . In worm,
268
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7/20 PLOS-submission orphan proteins appear to be consistently more disordered than progressively older 269 ones, across all the considered Caenorhabditis species, see Fig. 2D .
270
In general, it is apparent that the variation among the species is quite large, as in 271 some organism orphans are more disordered than ancient proteins, while in others the 272 opposite appears to be the case. What could possibly explain this difference?
273
One possibility is that the more complex regulations in animals require more 274 disordered residues in comparison with yeast. But the average disorder content is 275 similar in all eukaryotic species, contradicting this idea. We also noted that yeast is 276 also one of the genomes with lowest GC content (∼40%). Therefore, we decided to 277 examine the properties of proteins from different age groups in respect with to their 278 GC content.
279
Orphans are more disordered in high-GC genomes
280
To identify the origin of the different properties of orphan vs. ancient proteins in 281 different organisms, we studied the distribution of structural properties for all genomes 282 against the corresponding GC content see Fig. 3 .
283
For proteins of all ages, disorder, low complexity and coil frequency increase on 284 average with GC, while transmembrane, helix and sheet frequency decrease. Further,
285
the dependency of GC is clearly stronger for younger proteins, indicating that it is 286 related to the creation of the protein and then gradually lost during evolution.
287
Notable is that intrinsic disorder shows a clear, directly proportional dependency 288 on GC: higher GC corresponds to more disorder. At the extreme (over 60% GC),
289
more than 50% of the residues are predicted to be disordered in orphan proteins, while 290 for ancient proteins the disorder percentage is about 30%. At low GC (below 40%) the 291 disorder percentages is lower and similar in ancient and orphan proteins (15%). Other 292 structural properties show a similar behaviour; for orphans the transmembrane and 
295
The GC is not constant over a genome. In general coding regions have higher GC 296 than non-coding regions [33] . Further, there are also variation in GC between different 297 regions of a genome, so when a non-coding region is turned into a gene the local GC
298
will decide the amino acid content of the protein. Therefore, it might be more relevant 299 to study the GC of each gene individually.
300
A strong relationship between GC and structural properties of 301 orphan genes.
302
In Fig. 4 we show the dependency of structural properties on GC content for 303 individual genes. In addition to the variation for protein of the four age groups, we 304 have examined the structural properties for a set of random proteins generated from 305 codons at a given GC frequency, for details see methods. It can be seen that the 306 structural properties of these random genes are clearly GC dependent.
307
Orphans, and genus orphans, show a definite dependency of all studied properties 308 on GC, thus indicating that, broadly, orphan proteins appear to be simklar to random 309 protein in their nature, given a certain GC level see Fig. 4 . In contrast ancient and 310 intermediate proteins the structural features are only loosely dependent on GC, and 311 they appear to contain less sheet and more helical residues than expected by random.
312
When studying Fig. 4 in more detail a few notable differences between the random 313 proteins and the orphans can be observed: orphans are more disordered; contain more 314 low complexity regions but fewer sheets independently of the GC level. proteins is predicted to be more disordered, or contain more sheets, it is quite likely a 318 consequence of changes in amino acid frequencies, in such a way that the frequency of 319 order-/disorder-promoting amino acids changes.
320
Property scales 321
Next, we studied the relationship of the four age groups of proteins given six different 322 amino acid scales, describing their structural preferences. The difference between the 323 scales and the predicted features used above is that scales are describing general 324 properties and are directly calculated from amino acid sequences, while the predicted 325 features are also based on other properties. For disorder we used the TOP-IDP 326 scale [27] , for hydrophobicity we used the biological hydrophobicity scale [28] , while 327 sheet, turn, coil and helix propensities were analysed using structure-based 328 conformational preferences scales [29] .
329
In agreement with the predicted values, the average properties in the four groups of 330 proteins are rather similar see Fig. ? ? However, when taking the GC content into propensities, and also lower sheet propensities.
336
Interestingly, also the propensities of the two groups of older proteins change by 337 GC; however, this dependency is much less pronounced than in younger or random 338 proteins. We should remember that amino acid preferences and GC content are 339 coupled both ways: changes of amino acid composition will not only affect the 340 properties but also the codons used and thereby the GC; so it is possible that the 341 relationship between properties and GC for ancient proteins is an indirect consequence 342 of the amino acid preferences and not that the disorder is caused by high GC. The big 343 difference seen between orphan and ancient proteins indicates that, given evolutionary 344 time, the selective pressure to change the GC level is weaker than the selective 345 pressure to change the protein properties.
346
Discussion
347
The GC content affects the codon usage between different genomes [34] and it has 348 been argued that the GC content might be solely responsible for the codon bias [35] .
349
The difference in codon usage causes differences in amino acid frequencies, in such a 350 way that some amino acids are more frequent in higher GC content levels. Obviously, 351 the reverse could also be true, i.e. that high disorder content increases the GC content 352 of a gene. But if this was the case the correlation should be stronger for ancient 353 proteins and not for orphans as we observe here given the fact that ancient proteins The influence of GC on amino acid preferences
358
How can changes in GC content affect proteins? In a random DNA sequence, the 359 frequency of different codons changes depending on GC, and this, in turns, affects the 360 expected amino acid frequencies. Clearly, the GC content has a strong influence on 361 the structural features of these random proteins (see black lines in Fig. 4 and 5.
362
In Fig. 6 , the expected and observed amino acid frequencies at different GC suggests that there exists a selective pressure to gradually adjust the frequencies 370 of some amino acids to an optimal level.
371
Asn and Ala, on the other hand, change in frequency also in ancient proteins,
372
indicating that the selective pressure to change the frequency of these amino 373 acids is lower and it is possible that their frequency is really affected by the GC 374 content of the genome.
375
Further, Glu, Gln and Asp are more frequent than expected, at any GC level. increase their frequency to a higher level than the 3.3% expected by chance.
381
Finally, Cys and His are less frequent, independently of GC content, in real 382 genes than in random ones, indicating their special roles in protein function and 383 folding as well as their rareness.
384
In Fig. 7 the GC content of the codons of each amino acid is compared with the 385 propensity of that amino acid to be in a certain structural region. Three amino acids,
386
Ala, Gly and Pro are "high GC" amino acids, i.e. they have more than 80% GC in 
390
All three "high GC" amino acids are intrinsic disorder-promoting (high TOP-IDP), 391 while four out of five "low GC" amino acids are order-promoting (low TOP-IDP) 392 residues. Therefore at high GC content, DNA codons coding for hydrophilic, 393 disorder-promoting amino acid are prevalent in any given protein, by simple statistics, 394 while DNA sequences low in GC tend to contain codons for hydrophobic amino acids, 395 associated with low intrinsic disorder.
396
A comparison between the GC level and structural preferences is shown in Fig. 7 . 
419
In a random sequence, the most disorder-promoting amino acid, Pro, only 420 represents less than 5% of the amino acids at 40% GC, but 10% at 60% GC. This 421 actually agrees well with what is observed in the youngest proteins: 5% at 40% GC vs. 422 9% at 60% GC, see Fig. 6 . Interestingly, even ancient proteins show a similar but 423 significantly weaker trend. Here, the fraction of Pro increases from 4.5% to 6%.
424
Similar changes in frequencies can be observed for several amino acids.
425
On average, young proteins are more disordered than ancient proteins, but this
426
property is strongly related to the GC content. In a low-GC genome the disorder 427 content of an orphan protein is ∼30% while in a high-GC genom eit is over 50%, see 
429
Here we show that GC content of a genome strongly affects the amino acid Figure 1 . Overview of the proteins assigned to the four age groups in this study. Orphan proteins are proteins unique to one strain/species; genus orphans are found at the immediately superior level (species/genus); Intermediate are found in more general taxonomic levels, but not assigned to be present in the ancestor to all fungi/metazoans. ancient proteins are supposed to be present in the ancestral genomes. In this plots are shown (a) the fraction of proteins belonging to each age group, (b) the average length, in amino acids, (c) the average GC content of the genes, (d) Intrinsic disorder (long) predicted by IUpred (% of disordered residues), (e) percentage of transmembrane residues, (f) fraction of residues in low-complexity regions, (g) fraction of residues predicted to be coil, (h) fraction of residues to predicted to be in a beta sheet and (i) fraction of residues predicted to be in a helix. Violin plots showing several properties calculated from propensity scales, as average score. (a) Intrinsic disorder using the TOP-IDP scale, (b) hydrophobicity using the Hessa scale, (c-f) secondary structure preferences.
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